Self-renewal is the process by which stem cells divide to make more stem cells, perpetuating the stem cell pool throughout life. Self-renewal is division with maintenance of the undifferentiated state. This requires cell cycle control and often maintenance of multipotency or pluripotency, depending on the stem cell. Self-renewal programs involve networks that balance proto-oncogenes (promoting self-renewal), gate-keeping tumor suppressors (limiting self-renewal) and care-taking tumor suppressors (maintaining genomic integrity). These cell-intrinsic mechanisms are regulated by cell-extrinsic signals from the niche, the microenvironment that maintains stem cells and regulates their function in tissues. In response to changing tissue demands, stem cells undergo changes in cell cycle status and developmental potential over time, requiring different self-renewal programs at different stages of life. Reduced stem cell function and tissue regenerative capacity during aging are caused by changes in self-renewal programs that augment tumor suppression. Cancer arises from mutations that inappropriately activate self-renewal programs.
Mechanisms of Stem Cell Self-Renewal
INTRODUCTION
Self-renewal is the process by which a stem cell divides asymmetrically or symmetrically to generate one or two daughter stem cells that have a developmental potential similar to the mother cell. The ability to self-renew is essential for stem cells to expand their numbers during development, to be maintained within adult tissues, and to restore the stem cell pool after injury. Defects in self-renewal mechanisms can lead to developmental defects, premature aging phenotypes, and cancer. The elucidation of self-renewal mechanisms offers the potential for fundamental insights into development, cancer, and aging. Self-renewal is not the same as proliferation, although both processes depend on cell division. Proliferation is a more general term that incorporates all types of stem and progenitor cell divisions, self-renewing and otherwise. Self-renewal requires that at least one of the daughter cells has a developmental potential similar to the mother cell. For most mammalian stem cells, such as hematopoietic stem cells (HSCs) and neural stem cells, this means that self-renewal is division with maintenance of multipotency. For stem cells that make a single type of daughter cell, e.g., spermatogonial stem cells, self-renewal is division with maintenance of the undifferentiated state. Some of the mechanisms involved in stem cell self-renewal broadly regulate the proliferation of many cells, though a surprising number of these mechanisms preferentially regulate stem cell self-renewal (Molofsky et al. 2003 , Nishino et al. 2008 .
Self-renewal is not uniquely a property of stem cells. Some types of restricted progenitors and differentiated cells, such as restricted glial progenitors and lymphocytes, can also self-renew. Indeed, self-renewal mechanisms in lymphocytes share at least some mechanistic similarities to stem cell self-renewal, such as dependence on the polycomb protein Bmi-1 (van der Lugt et al. 1994) . Nonetheless, the extensive self-renewal potential of stem cells can generally be distinguished from the limited self-renewal potential of restricted progenitors. The mechanisms that distinguish stem cell self-renewal from the more limited self-renewal of restricted progenitors and differentiated cells largely remain to be identified. Although stem cells have extensive selfrenewal potential, this does not necessarily mean that these cells actually self-renew extensively under physiological conditions. For example, individual HSCs have the potential to undergo extensive self-renewal upon serial transplantation in irradiated mice; however, under physiological conditions in vivo, most HSCs are quiescent most of the time and may undergo a limited number of self-renewing divisions in normal adult mice (Cheshier et al. 1999 , Foudi et al. 2008 , Wilson et al. 2008 . Neural crest stem cells undergo a limited number of self-renewing divisions in vivo before differentiating (Fraser et al. 1991 , despite having the potential for massive self-renewal in culture (Kruger et al. 2002) . Thus stem cells may be fated in vivo to execute many fewer divisions than they have the potential to undergo. This endows stem cells with the potential to repair tissues after injuries that involve much higher regenerative demands than are encountered under normal physiological conditions.
Much progress has been achieved over the past 10 years in identifying the molecular mechanisms that regulate stem cell self-renewal. Each time a new mechanism is uncovered, it tells us something new about what self-renewal really is and what it requires at a molecular level. In this review, we attempt to place what is known about stem cell self-renewal in a conceptual framework that addresses how stem cells persist throughout life while avoiding cancer and fulfilling tissue regenerative demands that change with time.
THE REGULATION OF PLURIPOTENT STEM CELL SELF-RENEWAL
Embryonic stem (ES) cells are derived from the inner cell mass of the blastocyst prior to implantation. They possess indefinite self-renewal potential as well as the ability to generate all cell types within the body (pluripotency). These 
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Figure 1
The regulation of pluripotency. ES cell self-renewal is maintained by the Oct4-Sox2-Nanog transcriptional regulatory network, which forms a positive feedback loop that negatively regulates the expression of differentiationpromoting genes. Polycomb family (PcG) proteins aid in this process by suppressing the expression of genes associated with differentiation. Leukemia inhibitory factor (LIF) and bone morphogenetic protein (BMP) signaling suppress differentiation by inhibiting MAPK pathway signaling, which is activated by autocrine fibroblast growth factor (FGF) signaling. Thus ES cells self-renew by inhibiting differentiation (Ying et al. 2008 ). Self-renewal is possible in culture conditions that lack differentiation inducing stimuli, but ES cells spontaneously differentiate when they achieve high densities in culture, as FGF builds up and LIF/BMP become depleted. (Figure 1) . The POU domain transcription factor Oct4 is critical for the pluripotency of the inner cell mass in vivo and ES cells in culture (Nichols et al. 1998 , Niwa et al. 2000 . The SRY-related HMG-box transcription factor Sox2 is also required for the maintenance of pluripotency in the embryo and in ES cells (Avilion et al. 2003 , Masui et al. 2007 ). Sox2 cooperates with Oct4 to activate the expression of a number of genes that regulate pluripotency, including Oct4 and Nanog (Masui et al. 2007 and references therein). The homeodomain protein Nanog is also required for the maintenance of pluripotency in the inner cell mass in vivo (Mitsui et al. 2003) . The overexpression of Nanog can bypass the requirement for leukemia inhibitory factor (LIF) in maintaining mouse ES cell pluripotency in culture, and Nanog-deficient ES cells are prone to spontaneous differentiation, though Nanog is not absolutely required for the maintenance of pluripotency in ES cells under favorable culture conditions , Mitsui et al. 2003 . These three factors form the core of a regulatory circuit that promotes the expression of genes that maintain pluripotency while repressing genes that induce differentiation. Ectopic expression of Oct4 together with various combinations of other transcription factors including Sox2 and Nanog can reprogram differentiated mouse and human cells into ES-like induced pluripotent stem (iPS) cells (Okita et al. 2007 , Park et al. 2008 , Takahashi et al. 2007 , Takahashi & Yamanaka 2006 , Wernig et al. 2007 , Yu et al. 2007 ). This demonstrates that these factors can restore pluripotency to cells that are epigenetically quite different from ES cells.
The Oct4-Sox2-Nanog network needs to be fine-tuned by positive and negative regulation, because slight hyper-or hypoactivation of some of these factors can disrupt pluripotency (Niwa et al. 2000) . These three transcription factors interact physically with each other, and co-occupy regulatory regions in many target genes, coordinately regulating the pluripotent state (Boyer et al. 2005 , Loh et al. 2006 , Masui et al. 2007 ). Oct4, Sox2, and Nanog regulate their own expression as well as each other's expression, forming a positive feedback circuit (Figure 1) . Because overexpression of Oct4 leads to trophectodermal differentiation, this circuit also requires negative feedback (reviewed by Niwa 2007) .
Epigenetic regulators also promote the maintenance of pluripotency. Polycomb and trithorax proteins modulate the expression of numerous developmental genes through histone modification (Schuettengruber et al. 2007) . Polycomb complexes trimethylate histone H3 at lysine 27 (H3K27) and then assemble complexes that promote chromatin compaction on this methylation mark. Trithorax proteins oppose polycomb repression by methylating histone H3 at lysine 4 (H3K4), promoting transcription by recruiting nucleosome remodeling enzymes and histone acetylases. Polycomb and trithorax complexes segregate the pluripotent genome into stably repressed domains marked by H3K27 methylation as well as activated domains marked by H3K4 methylation (Mikkelsen et al. 2007 ). However, polycomb and trithorax complexes also coincide at bivalent domains within genes in ES cells that bear regions containing both marks (Bernstein et al. 2006 ). It appears that such domains repress the expression of genes involved in fate determination and differentiation, while poising such genes for activation upon exit from the pluripotent state (Azuara et al. 2006 , Bernstein et al. 2006 , Boyer et al. 2006 , Lee et al. 2006b ). Loss of certain polycomb complex components from ES cells leads to the inappropriate expression of some of these developmental regulators, rendering ES cells prone to differentiation (Azuara et al. 2006 , Boyer et al. 2006 , Lee et al. 2006b ).
There are also other critical transcription factors beyond Oct4, Nanog, and Sox2. The zinc finger DNA-binding protein Ronin is necessary and sufficient for maintaining ES cell pluripotency . Overexpression of Ronin maintains ES cell pluripotency in the absence of LIF or Oct4 . Ronin suppresses ES cell differentiation by directly binding and suppressing the transcription of differentiation-inducing genes, including GATA4 and GATA6. Upon induction of differentiation, Ronin and Nanog (Fujita et al. 2008 ) are inactivated by Caspase-3-mediated proteolysis to allow differentiation. Like other stem cells, ES cell self-renewal is also under cell-extrinsic control (Figure 1) . LIF is a key factor that blocks the differentiation of mouse ES cells in culture (Williams et al. 1988) . LIF binds to a heterodimer of LIF Receptor and gp130, which activates JAK/Stat3 signaling . The targets of the JAK/Stat3 pathway are largely unknown but have been suggested to include c-myc, a known promoter of pluripotency (Cartwright et al. 2005 , Takahashi & Yamanaka 2006 . Maintaining the pluripotency of ES cells also requires bone morphogenetic proteins (BMPs) that signal through SMAD proteins. SMAD signaling promotes the expression of inhibitor of differentiation (Id), helix-loop-helix domain proteins that dimerize with, and inhibit the function of, helix-loop-helix transcription factors that regulate fate determination (Ying et al. 2003) . LIF/JAK/Stat3 and BMP/SMAD/Id signaling pathways work together to prevent the differentiation of ES cells in culture by inhibiting the consequences of mitogen-activated protein kinase (MAPK) signaling, which tends to promote differentiation (Ying et al. 2008) . The inhibition of differentiation is key to ES cell self-renewal.
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Cell Cycle Regulation in ES Cells
ES cell self-renewal is facilitated by rapid proliferation and unique cell cycle kinetics. Mouse ES cells have a very short G1 phase of the cell cycle, marked by little or no hypophosphorylated Rb (Burdon et al. 2002 , Stead et al. 2002 . The lack of Rb activity renders the cells insensitive to cyclin D-cyclin-dependent kinase (CDK) regulation and to the CDK inhibitor, p16 Ink4a (Burdon et al. 2002 , Savatier et al. 1996 . Unlike tissue stem cells, ES cells do not undergo p53-dependent cell cycle arrest in response to DNA damage (Aladjem et al. 1998) . ES cells have high levels of constitutively active CDK2-cyclin A/cyclin E, allowing rapid S phase entry (Stead et al. 2002) . In contrast, when ES cells differentiate, G1 phase lengthens and the rate of cell division slows. In tissue stem cells, mitogeninduced cyclin D--CDK4/6 activity becomes required for progression through the G1 phase of the cell cycle, and cyclin E-CDK2 activity becomes cell cycle regulated (Savatier et al. 1996) . As a result of these differences, ES cells are not subject to many of the cell cycle checkpoints that regulate tissue stem cells. Reprogramming of somatic cells to pluripotency confers similar cell cycle regulation as in mouse ES cells ( Jaenisch & Young 2008) , suggesting that the pluripotent state is tightly linked to the rapid and relatively unregulated cell cycle.
CELL INTRINSIC REGULATION OF TISSUE STEM CELL SELF-RENEWAL
In contrast to ES cells, tissue-specific stem cells possess extensive, but limited, self-renewal potential, and they are multipotent rather than pluripotent. The emergence of tissue stem cells within the embryo requires a new set of tissuespecific self-renewal programs that allow more elaborate cell cycle control. In many cases, these programs must perpetuate stem cells throughout life, responding to developmental changes in the regenerative requirements of tissues, while avoiding transformation to cancer. Tissue stem cells need mechanisms that confer the potential for repeated periods of quiescence and cell cycle re-entry. These are different problems than ES cells must confront and require more complex cell cycle regulation, more checkpoints, and perhaps more cellextrinsic regulation than ES cells. (Figure 2) . Rb family proteins Rb, p107, and p130 inhibit E2F transcription factors, which induce genes required for DNA replication and S-phase entry. Rb appears to be relatively inactive in ES cells, rendering them less dependent on mitogens to stimulate cell cycle entry via cyclin D-CDK4/6 complex activation (reviewed by Burdon et al. 2002) (Sherr 2004). p16 Ink4a is encoded by the Cdkn2a locus in mice, which encodes a second unrelated protein, p19
Arf , using an alternative reading frame. Combined deletion of both p16
Ink4a and p19 Arf in young animals has only a modest effect on HSC frequency or self-renewal, suggesting that these proteins have little function under normal conditions in young mice (Stepanova & Sorrentino 2005) . However, p16
Ink4a and p19 Arf expression increase with age, and at least p16 Arf in aging tissues has not been tested yet, and there is some evidence that its expression may be regulated differently in mice and humans, because p19
Arf expression may not increase with age in humans. p18
Ink4c deficiency also increases HSC frequency and enhances the repopulating capacity of HSCs from young mice in transplantation assays (Yuan et al. 2004 ). These (Nishino et al. 2008 ). This reduces the sensitivity of stem cells to mitogenic signals by inhibiting cyclin-CDK complexes. As a result, either stem cells cannot enter the cell cycle, or cell division slows in many tissues. Red ovals indicate proto-oncogene products and blue ovals indicate tumor suppressors. P denotes phosphorylation, R denotes the cell cycle restriction point. results suggest that Ink4 family proteins negatively regulate self-renewal by slowing cell division, though the exact effect of these proteins on the cell cycle of stem cells remains untested.
p19
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The p19 Arf -p53-p21 Cip1 pathway also regulates cell division and quiescence in a variety of mammalian stem cells. p53 is a transcription factor that negatively regulates stem cell frequency under steady-state conditions. p53 deficiency modestly increases stem cell frequency and self-renewal in adult neural stem cells and HSCs (Meletis et al. 2006 , TeKippe et al. 2002 , perhaps by reducing quiescence (Liu et al. 2009 ). p53 function is increased above steady-state levels by a variety of stresses including DNA damage and oncogenic stimuli and sometimes by induction of p19
Arf expression. p19
Arf is a tumor suppressor that relieves p53 from Mdm2-mediated degradation (reviewed by Sherr 2001) . Elevated p53 levels can promote DNA repair but can also induce cell cycle arrest and apoptosis. The function of p53 in some stem cells may be mediated partly by its ability to promote the transcription of the p21 Cip1 CDK inhibitor (Kippin et al. 2005 , Qiu et al. 2004 (Figure 2) . Although p53 generally functions to restrict stem cell self-renewal, it likely also contributes to the long-term maintenance of stem cells by maintaining the integrity of the genome.
Overactivation of Rb and p53 tumor suppressor pathways can lead to senescence and premature depletion of the stem cell pool, at least in HSCs and neural stem cells (Levi & Morrison 2009 ). This is avoided in part by overlapping transcriptional mechanisms that repress p16
Ink4a and p19 Arf in normal stem cells (Figure 2) . In fetal and young adult mice, this is accomplished partly through the high mobility group protein, Hmga2, which regulates chromatin structure (Nishino et al. 2008 ). In the absence of Hmga2, p16
Ink4a and p19 Arf expression modestly increase, and stem cell frequency and self-renewal potential modestly decline. A more powerful repressor of the p16 Ink4a /p19
Arf locus is the polycomb repressor complex. Bmi-1 is one component of polycomb repressor complex 1 that appears to repress p16 Ink4a /p19
Arf by binding to trimethylated H3K27 at this locus (Bracken et al. 2007 , Jacobs et al. 1999 , Kotake et al. 2007 ). Bmi-1 is not necessary in vivo for p16 Ink4a /p19 Arf locus repression during fetal development but becomes critical postnatally (Molofsky et al. 2003) . Bmi-1-deficient mice exhibit profound stem cell self-renewal defects and progressive stem cell depletion in multiple tissues (Lessard & Sauvageau 2003 , Molofsky et al. 2003 . Bmi-1-deficient mice generally die within a month after birth with severe growth retardation, hematopoietic failure, and neurological abnormalities (van der Lugt et al. 1994 ).
Deletion of p16
Ink4a and/or p19 Arf and/or p53 partially rescues the stem cell defects in Bmi-1-deficient mice (Akala et al. 2008; Bruggeman et al. 2005; Molofsky et al. 2003 Molofsky et al. , 2005 . Repression of p16 Ink4a /p19 Arf is critical for the appropriate regulation of Rb and p53 pathways in stem cells and for the maintenance of stem cells throughout life.
Stem Cell Self-Renewal Versus Progenitor Proliferation
Stem cell self-renewal is mechanistically distinct from the proliferation of many downstream progenitors. Bmi-1 and Hmga2 are required for multipotent neural stem cell self-renewal but not for the proliferation of many restricted neuronal or glial progenitors (Molofsky et al. 2003 , Nishino et al. 2008 . Nonetheless, this is not a black and white difference as granule precursor cells in the cerebellum and lymphocytes in the hematopoietic system also require Bmi-1 for their proliferation (Leung et al. 2004 , van der Lugt et al. 1994 ). The trithorax protein Mll is required for the maintenance of HSCs but not for the maintenance of committed lymphoid and myeloid progenitors ( Jude et al. 2007 , McMahon et al. 2007 . Sox17 is required for the maintenance of fetal and neonatal HSCs but is expressed by less than 1% of hematopoietic cells and Kip1 is required for the limited self-renewal of transit-amplifying cells and the proliferation of restricted progenitors in the hematopoietic and nervous systems but not by stem cells in these tissues (Cheng et al. 2000 , Doetsch et al. 2002 ). These results demonstrate that some mechanisms preferentially regulate stem cell self-renewal, whereas other mechanisms preferentially regulate restricted progenitor proliferation.
The p53 and Rb pathways may be required to exit the stem cell state. When certain members of the p53 and Rb tumor-suppressor pathways are mutated, some types of progenitors can regain self-renewal capacity and behave like stem cells. For example, transiently selfrenewing multipotent hematopoietic progenitors can regain long-term self-renewal potential when p53, p16
Ink4a , and p19 Arf are deleted (Akala et al. 2008) . Similarly, the deletion of p16 Ink4a and p19
Arf in astrocyte progenitors allows these cells to dedifferentiate in culture into neural stem cells (Bachoo et al. 2002) . These observations suggest that Rb and p53 pathways reinforce the ability of progenitors to exit the stem cell state, although the mechanisms by which they do so remain unknown.
Maintaining Stem Cell Identity by Suppressing Lineage Commitment
Stem cells maintain their undifferentiated state by repressing the expression of genes that restrict developmental potential or specify differentiation (Figure 3) . In Caenorhabditis elegans, the PUF RNA-binding proteins FBF-1 and FBF-2 are specifically expressed in undifferentiated germ-line stem cells and maintain stem cell identity by repressing the translation of two critical regulators of meiotic cell cycle entry, gld-1 and gld-3 (Kimble & Crittenden 2007) . In the absence of fbf-1 and fbf-2, germline stem cells enter meiosis, committing to differentiation. Similarly, in the Drosophila ovary, Pumilio and its binding partner Nanos are essential in germ-line stem cells to prevent premature differentiation by inhibiting the translation of proteins that promote differentiation (Wong et al. 2005) (Figure 3a) .
Mammalian tissue stem cells have analogous mechanisms that prevent differentiation, as illustrated by neural stem cells. The bZIP transcription factor ATF5 maintains neural stem cells by suppressing both neuronal and glial differentiation (Angelastro et al. 2003 (Angelastro et al. , 2005 . SoxB1 family proteins (including Sox1, 2, and 3) suppress neuronal differentiation and maintain neural stem cell identity during the neurogenic phase of cortical development, avoiding premature differentiation (Avilion et al. 2003 , Graham et al. 2003 . The orphan nuclear receptor Tailless (Tlx) and the nuclear coreceptor N-coR suppress the differentiation of postnatal neural stem cells into astrocytes, preventing the premature depletion of the stem cell pool (Hermanson et al. 2002 , Shi et al. 2004 ). The maintenance of neural stem cell identity appears to depend on the function of many transcription factors to avoid premature differentiation at various times during development (Figure 3b) .
Premature differentiation is also suppressed by epigenetic mechanisms (Figure 3c) . The promoter regions of many astrocyte-specific genes, including gfap, are preferentially methylated in cortical neural progenitors during neurogenesis, rendering them refractory to gliogenic signals (Takizawa et al. 2001) . Consistent with this, DNA methyltransferase 1 (Dnmt1)-deficient neural progenitors show precocious astrocytic differentiation (Fan et al. 2005) . HSCs deficient in Dnmt3a and Dnmt3b lack long-term repopulating ability (Tadokoro et al. 2007) , raising the possibility that DNA methylation also prevents the spontaneous differentiation of HSCs.
Chromatin structure is also regulated to avoid premature differentiation. Stem cells lacking Bmi-1 exhibit little self-renewal potential (Lessard & Sauvageau 2003 , Molofsky et al. 2003 , and they can prematurely differentiate in certain circumstances (Pietersen et al. 2008 
Asymmetric Stem Cell Division
Strategies by which stem cells regulate the symmetry of division (Morrison & Kimble 2006) , and molecular mechanisms regulating asymmetric cell division have been reviewed in detail elsewhere (Gonczy 2008 , Knoblich 2008 (Ye et al. 2003) . A balance among lineage-specification genes that promote alternative fates may suppress differentiation by mutual inhibition (Orkin & Zon 2008) . (e) Intrinsically, asymmetric divisions can ensure that one daughter remains a stem cell by asymmetrically segregating factors that promote stem cell identity (Lee et al. 2006a) or that inhibit differentiation (Seydoux et al. 1996) to one daughter (orange). ( f ) Asymmetric divisions can also suppress differentiation by ensuring that one daughter cell remains within the niche ( yellow) and exposed to factors that promote stem cell maintenance (orange), whereas the other daughter cell is displaced from the niche ( green), similar to Drosophila spermatogonial stem cells (Fuller & Spradling 2007) . (Figure 3f ). For example, Drosophila spermatogonial stem cells self-renew asymmetrically with the spindle oriented perpendicularly to the hub cells that constitute the niche, such that one daughter cell ends up adjacent to the niche and the other daughter cell is displaced from the niche (Fuller & Spradling 2007) (Figure 4a) . The daughter cell displaced from the niche is fated to differentiate. Spindle orientation is determined by centrosome orientation (Yamashita et al. 2003) , where the mother centrosome is located apically (close to the hub), whereas the daughter centrosome is located basally (away from the hub) (Yamashita et al. 2007 ). Indeed, spermatogonial stem cells have a spindle orientation checkpoint in which they are unable to divide until one centrosome aligns apically and the other centrosome aligns basally (Cheng et al. 2008) . It remains uncertain whether mammalian stem cell divisions are also regulated by the orientation and asymmetric segregation of centrosomes.
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MAINTAINING GENOMIC INTEGRITY IN STEM CELLS
As the longest-lived, mitotically active cells in the body, stem cells are particularly sensitive to the accumulation of genetic lesions. Preserving genomic integrity is important for maintaining normal function as well as preventing carcinogenesis. This is more important in stem cells than in other cells because stem cells pass Stem cell niche: the microenvironment in which stem cells reside; promotes stem cell maintenance and regulates stem cell function mutations on to large numbers of progeny, amplifying the risk of cancer. Many mechanisms protect stem cells from endogenous and exogenous mutagens or enhance their capacity to repair the damage that occurs. In cases where the damage is too extensive to be repaired, stem cells may undergo apoptosis or senescence.
Reactive Oxygen Species
Reactive oxygen species (ROS) are toxic byproducts of oxidative metabolism. Although important for certain physiological processes such as intracellular signal transduction and combating pathogens, excessive levels of ROS within cells can damage lipids, proteins, RNA, and DNA, thus impairing cellular function. To persist throughout adult life, stem cells must minimize ROS damage.
FoxO family transcription factors are tumor suppressors that protect stem cells and other cells from oxidative damage, reducing mutagenesis and extending cellular life span (Paik et al. 2007 ). FoxO transcription factors increase the expression of genes required for the detoxification of ROS including superoxide dismutase and catalase as well as genes that promote quiescence (Tothova & Gilliland 2007 ). FoxO function is negatively regulated by PI-3kinase pathway signaling as Akt phosphorylates FoxOs, causing translocation out of the nucleus. Deletion of three members of the FoxO family, FoxO1, 3, and 4 in mouse HSCs leads to increased levels of ROS, increased proliferation, and stem cell depletion ). These defects can be at least partially rescued by treating the mice with the antioxidant N-acetyl-L-cysteine. Disruption of FoxO3 alone also increases ROS levels in HSCs and leads to their depletion, though to a lesser extent than in the triple knockout mice (Miyamoto et al. 2007 ). Enzymes involved in ROS metabolism including superoxide dismutase and catalase were reduced in FoxO-deficient HSCs, providing a potential mechanism for ROS accumulation.
ATM, a kinase that is activated in response to DNA damage, is required for normal DNA repair and to avoid oxidative stress (Barzilai et al. (Ito et al. 2004 (Ito et al. , 2006 . Neural stem cells also require Atm to avoid genomic instability, abnormal proliferation, and depletion (Allen et al. 2001 ). These defects can be partially rescued by treating the mice with N-acetyl-L-cysteine or a p38 inhibitor. Although it remains unclear precisely why ROS accumulates in the absence of ATM, these data demonstrate a link among DNA repair, ROS levels, and stem cell maintenance. 
Telomere Maintenance
Mammalian telomeres are repetitive DNA sequences (thousands of TTAGGG repeats) along with specialized protein complexes that are located at the ends of chromosomes (Gilson & Geli 2007) . Telomeres are required to protect chromosomes from fusing to each other, from exonuclease activity, and from the loss of coding sequence due to the end replication problem (Gilson & Geli 2007) . Based on the way in which DNA replication occurs, 50-150 base pairs of sequence are lost from chromosome ends during each round of replication. As a result, telomeres become shorter with each round of replication in most cells that lack telomerase. This telomere attrition ultimately leads to cellular senescence when telomeres reach a critical length, limiting the number of divisions that a cell can undergo in a lifetime. Cells that escape senescence exhibit genomic instability due to aberrant chromosome fusions (Counter et al. 1992 ). Some cells, including stem cells and many cancer cells, express telomerase, an enzyme that can lengthen telomeres by adding new TTAGGG repeats (Gilson & Geli 2007) . This allows stem cells to escape the replication limits imposed by telomere length. Some cells also use alternative mechanisms for lengthening telomeres (reviewed by Gilson & Geli 2007 ).
Telomere maintenance is critical for ensuring genetic stability and for maintaining the proliferative capacity of cells. Many stem cells express telomerase, reducing the rate at which telomeres erode and increasing replicative capacity (Lee et al. 1998 , Morrison et al. 1996a , Vaziri et al. 1994 ). Deletion of the RNA or the catalytic component of the telomerase reverse transcriptase enzyme accelerates telomere loss (particularly in highly replicative tissues), leading to senescence, genomic instability, and carcinogenesis (Blasco et al. 1997 , Rudolph et al. 1999 . The loss of telomerase activity reduces the self-renewal potential of HSCs upon serial transplantation (Allsopp et al. 2003) , their functional capacity during aging (Rossi et al. 2007) , and the regenerative capacity of other tissues (Herrera et al. 1999 , Lee et al. 1998 Hub cells also secrete Unpaired and Dpp/Gbb to activate JAK-STAT and BMP signaling in the GSCs, which suppress GSC differentiation by repressing Bam expression. The mother centrosome in GSCs (red circle) is tethered to the adherens junction by the Adenomatous Polyposis Coli (APC2) complex, whereas the daughter centrosome ( yellow circle) migrates to the other pole of the cell. This determines spindle orientation and the polarity of division, such that stem cells divide asymmetrically to generate one daughter that remains a stem cell within the niche and another daughter that is displaced from the niche and fated to differentiate. cells that lack telomerase activity also have less proliferative capacity and increased genomic instability in vitro and in vivo (Ferrón et al. 2004) . These results highlight the importance of telomerase for maintaining the genomic integrity and self-renewal potential of stem cells.
DNA Damage Response
DNA repair mechanisms are critical for maintaining genomic integrity in all cells, but they are particularly important in stem cells (Sharpless & DePinho 2007) . DNA damage occurs during normal DNA replication or upon exposure to ionizing irradiation, chemical mutagens, or ROS. DNA damage in stem cells can lead to senescence, apoptosis, reduced self-renewal potential, or cancer, all of which ultimately deplete the stem cell pool and reduce tissue regenerative capacity. DNA damage accumulates in stem cells during aging (Rossi et al. 2007 ), but the rate at which it accumulates is limited by DNA mismatch repair, nucleotide excision repair, double-strand break repair, and DNA damage checkpoints. Conditional deletion of the DNA damage response gene, ATR, in all tissues of adult mice leads to widespread stem cell depletion, defects in tissue regenerative capacity, and phenotypes that resemble premature aging (Ruzankina et al. 2007) . A variety of other DNA repair/damage response factors are also required for the maintenance of normal hematopoiesis and HSC function, including the DNA repair protein Brca2 (Navarro et al. 2006) ; the nonhomologous end-joining proteins Lig4 (Nijnik et al. 2007 ) and Ku80 (Rossi et al. 2007 ); the mismatch repair protein MSH2 (Reese et al. 2003) ; the nucleotide excision repair proteins XPD (Rossi et al. 2007 ), Ercc1, and XPA (Prasher et al. 2005) ; and the double-strand break-repair proteins Rad50 (Bender et al. 2002) and ATM (Ito et al. 2004) . Although the roles of these pathways have been studied mainly in the hematopoietic system, they are likely to have similar functions in stem cells from other tissues. 
CELL EXTRINSIC REGULATION OF STEM CELL SELF-RENEWAL
Niche Signals Regulate Stem Cell Maintenance
The primary function of the niche is to maintain undifferentiated stem cells. In the Drosophila germ line, spermatogonial stem cells adhere to the hub, a cluster of somatic cells that secrete a factor called Unpaired (Fuller & Spradling 2007) (Figure 4a) . Unpaired is required for the maintenance of spermatogonial stem cells, so the stem cells can be maintained only immediately adjacent to the hub (Kiger et al. 2001 , Tulina & Matunis 2001 . The stem cells divide asymmetrically such that one daughter cell remains adjacent to the hub and retains stem cell identity, whereas the other daughter cell is displaced from the niche and fated to differentiate. Because the niche is constrained by the need for contact with the hub, this physically limits the number of stem cells that can reside within the tissue and ensures that half of the progeny of stem cells are displaced from the niche and fated to differentiate. In the C. elegans germ line, stem cells are found in the distal half of the mitotic region within the gonad, in contact with the distal tip cell (Kimble & Crittenden 2007) (Figure 4b) . In contrast to the fly germ line, there is no evidence that germ-line stem cells undergo asymmetric division in the worm germ line (Morrison & Kimble 2006) . Rather, the distal tip cell expresses the GLP-1/Notch ligand Lag-2, which promotes mitosis and suppresses differentiation (entry into meiosis) by activating GLP-1/Notch signaling within the germ-line stem cells (Kimble & Crittenden 2007) . Ablation of the distal tip cell or loss of GLP-1 signaling causes the germ-line stem cells to enter meiosis prematurely. In contrast, constitutive GLP-1 signaling in the stem cells blocks differentiation and causes uncontrolled mitosis, resulting in tumorigenesis. A key element of stem cell niches is the expression of factors that maintain undifferentiated stem cells. In contrast, there does not appear to be anything magical about asymmetric division: Some stem cells divide asymmetrically, whereas others divide symmetrically.
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Stem cell progeny that are initially fated to differentiate can dedifferentiate to reoccupy the niche in certain circumstances. If Drosophila germ-line stem cells are ablated, daughter cells that are normally destined to differentiate can reoccupy the open space in the niche to maintain homeostasis (Brawley & Matunis 2004 , Kai & Spradling 2003 . Under physiological circumstances, this appears to be a mechanism by which the fly spermatogonial stem cell pool is maintained during aging, as dedifferentiated stem cells accumulate with age (Cheng et al. 2008) . Adult mouse spermatogonial cells may also contribute to the stem cell pool through dedifferentiation (Nakagawa et al. 2007 ). These results suggest that germline niches have mechanisms that can reprogram differentiating cells to restore stem cell identity.
The identity of mammalian stem cell niches and the mechanisms by which these niches regulate stem cell maintenance are not as well understood as in the fly and worm germ lines. Part of the problem is that we generally do not have the ability to identify and image stem cells or niche cells with certainty in mammalian tissues, which are vast relative to invertebrate tissues (Morrison & Spradling 2008) . In addition, not as much has been done in mammalian tissues to test genetically which factors are required for stem cell maintenance and which cells produce these factors. As a result, models of mammalian stem cell niches are often provisional as key questions remain to be answered.
In the mammalian hematopoietic system, some of the key factors required for stem cell maintenance have been identified, but the cells that produce these factors and create the niche remain uncertain (Kiel & Morrison 2008) (Figure 4c) . HSCs are maintained primarily in the bone marrow during steady-state adult hematopoiesis. Bone marrow HSC niches have been proposed to be created by endosteal (bone-lining) cells, perivascular cells, or a collaboration between these cell types; but direct evidence is lacking for each of these possibilities (Kiel & Morrison 2008) (Figure 4c) .
It remains unclear precisely which bone marrow cells are the physiological source of the factors that regulate HSC maintenance. The chemokine CXCL12 (SDF-1) is required for the maintenance of bone marrow HSCs and is expressed by both perivascular and endosteal cells (Kollet et al. 2006 , Sacchetti et al. 2007 , Sugiyama et al. 2006 . Angiopoietin-1, a factor proposed to regulate HSC quiescence (Arai et al. 2004) , has been suggested to be expressed by osteoblasts at the endosteum (Arai et al. 2004) as well as by perivascular mesenchymal progenitors (Sacchetti et al. 2007 ). So far, none of the factors that are thought to regulate HSC maintenance have been conditionally deleted from specific cell types. As a result, it remains unclear whether a single cell type is the source of factors for stem cell maintenance or whether there are multiple redundant sources. The situation is similar in other mammalian stem cell niches such as hair follicles (Blanpain & Fuchs 2006) (Riquelme et al. 2008) (Figure 4d ), where some of the factors that regulate stem cell maintenance have been identified but the sources of such factors generally have not.
Niche Signals Maintain Mammalian Stem Cell Quiescence
Adult mammalian stem cell niches promote stem cell quiescence. For unknown reasons, many mammalian stem cells appear to require intermittent periods of quiescence for their maintenance. Genetic manipulations that reduce their ability to remain quiescent also tend to deplete the stem cell pool (Ficara et al. 2008 , Jude et al. 2007 , McMahon et al. 2007 , Yilmaz et al. 2006 . Nonetheless, quiescence is not a defining feature of stem cells, because mouse gut epithelial stem cells (Barker et al. 2007 ) and many invertebrate stem cells (Crittenden et al. 2006) appear to divide frequently. The quiescence of mouse HSCs depends on a series of stem cell-extrinsic factors in the bone marrow including Steel factor (Thoren et al. 2008) , CXCL12 (Nie et al. 2008 , Sugiyama et al. 2006 , Thrombopoietin (Qian et al. 2007 , Yoshihara et al. 2007 , and Angiopoietin-1 (Arai et al. 2004 , Puri & Bernstein 2003 . The loss of signaling by the receptors for any of these factors leads to increased HSC proliferation and to HSC depletion. BMP signaling is similarly required to maintain the quiescence of mouse hair follicle stem cells (Kobielak et al. 2007 ). In the absence of BMP signaling, these stem cells overproliferate and form tumors (Kobielak et al. 2007 ). Mammalian stem cell maintenance depends on niche signals that promote quiescence.
Long-Range and Systemic Signals Regulate Stem Cell Function
Stem cell self-renewal can also be modulated by long-range signals, such as circulating hormones, cytokines, and/or neural activity. One mechanism by which a long-range signal can regulate stem cells is by directly activating receptors on the stem cells. The rate of cell division in Drosophila ovary stem cells is regulated by insulin-like peptides secreted by cells in the brain (Drummond-Barbosa & Spradling 2001 , LaFever & DrummondBarbosa 2005 . This provides a mechanism by which the rate of egg production can be regulated by the nutritional status of the fly. Systemic signals can also modulate stem cell activity through niche-mediated (indirect) mechanisms. For unknown reasons, HSCs are regularly mobilized from the bone marrow though the circulation (Wright et al. 2001 ) according to circadian rhythms (Mendez-Ferrer et al. 2008) . This is accomplished by adrenergic signals that come from the innervation of cells in the HSC niche (Mendez-Ferrer et al. 2008) . These signals are thought to reduce CXCL12 expression within the niche, allowing the stem cells to be released from the bone marrow. The observation that many long-range signals can modulate CXCL12 expression in the bone marrow raises the possibility that this may be a common mechanism by which HSC activation and mobilization are tied to physiological variables such as stress level and circadian time (Spiegel et al. 2008 ).
STEM CELLS AND THEIR SELF-RENEWAL MECHANISMS CHANGE OVER TIME
Many stem cells undergo cell-intrinsic changes in their developmental potential over time. For example, Drosophila neuroblasts and mammalian cortical and retinal neural stem cells undergo temporal restrictions in the types of neurons they can make during development (Desai & McConnell 2000 , Livesey & Cepko 2001 , Pearson & Doe 2003 . Neural crest stem cells from the fetal and postnatal gut undergo similar restrictions in neuronal subtype potential, even while remaining self-renewing and multipotent (Kruger et al. 2002) . Even HSCs change their developmental potential throughout life: Fetal HSCs have the potential to make certain subtypes of B and T lymphocytes that adult stem cells cannot generate (even when transplanted into the fetal environment) (Hayakawa et al. 1985, Ikuta et al. 16.16 He · Nakada · Morrison 1990, Kantor et al. 1992) . Thus, multipotent stem cells persist throughout life in the nervous and hematopoietic systems, but they undergo restrictions in the types of neurons and lymphocytes they can produce. Therefore, selfrenewing divisions perpetuate undifferentiated, multipotent stem cells throughout life but do not necessarily generate daughter cells that are identical to the mother cell.
To meet the changing demands of tissue growth and regeneration during development and aging, many tissue stem cells undergo dynamic changes in their cell cycle status. For instance, fetal liver HSCs appear to undergo daily symmetric self-renewing divisions to expand the stem cell pool (Morrison et al. 1995) . In contrast, adult HSCs are quiescent most of the time (Cheshier et al. 1999) . Most adult mouse HSCs asynchronously divide once every 12 days, but a more slowly dividing subset of HSCs divides only once every 55 days or so (Foudi et al. 2008 , Kiel et al. 2007 , Wilson et al. 2008 . The rate at which adult HSCs divide further changes during aging (de Haan et al. 1997 , Morrison et al. 1996b ). The changes in HSC cell cycle status and developmental potential that occur over time require developmental changes in self-renewal programs.
Although multiple transcriptional regulators are required by both fetal and adult HSCs, there are mechanistic differences in the selfrenewal of these stem cells (Levi & Morrison 2009) (Figure 5 ). Fetal and neonatal HSC maintenance depends on AML1 and Sox17, but these transcription factors are not required for the maintenance of adult HSCs (Ichikawa et al. 2004 , Kim et al. 2007 , Okuda et al. 1996 . Conversely, adult HSC maintenance depends on several transcriptional regulators that are dispensable for the maintenance of fetal HSCs, including Bmi-1 , Gfi-1 (Hock et al. 2004a) , and Tel/Etv6 (Hock et al. 2004b) . These changes in the transcriptional regulation of self-renewal between fetal and adult HSCs at least partially reflect changes in cell cycle regulation. Sox17 is turned off as neonatal stem cells make the transition to a more slowly dividing adult phenotype (Kim et al. 2007) , and Gfi-1 is required in adult HSCs to maintain quiescence (Hock et al. 2004a ) (Figure 5 ). Neural stem cells exhibit similar changes in the transcriptional regulation of self-renewal between the fetal and adult stages (Figure 5 ). Fetal and young adult neural stem cells depend on Hmga2 for self-renewal (Nishino et al. 2008) . Hmga2 negatively regulates the expression of p16
Ink4a and p19 Arf in these cells, increasing stem cell frequency and self-renewal potential. However, Hmga2 expression is extinguished in old adult neural stem cells (Nishino et al. 2008) . Bmi-1 also promotes neural stem cell self-renewal by repressing the expression of p16
Ink4a and p19 Arf (Bruggeman et al. 2005; Molofsky et al. 2003 Molofsky et al. , 2005 stem/progenitor cells in the forebrain subventricular zone decline with age (Maslov et al. 2004 , Molofsky et al. 2006 ). In the hematopoietic system, stem cells also change their frequency and cell cycle status with age, but in a strain-dependent manner: Stem cell frequency increases with age in long-lived strains and decreases with age in short-lived mouse strains (de Haan et al. 1997 , de Haan & Van Zant 1999 , Morrison et al. 1996b . Aging HSCs also exhibit increased myelopoiesis and decreased lymphopoiesis (Rossi et al. 2005) as well as decreased capacity to home to the bone marrow upon intravenous injection (Liang et al. 2005 , Morrison et al. 1996b ). Stem cell properties change with age, though the nature of the changes depends on tissue and genetic background. Age-related changes in stem cell properties are determined by both cell-intrinsic and cell-extrinsic changes. Cell-intrinsic changes in the transcriptional regulation of self-renewal involve changes in p16
Ink4a expression. p16 is not expressed by most types of stem cells in fetal and young adult animals (partly owing to Hmga2-and Bmi-1-mediated repression), but its expression is upregulated with age in multiple tissues (Krishnamurthy et al. 2004 ) including in HSCs ( Janzen et al. 2006) and neural stem cells (Molofsky et al. 2006 ) (Figure 5) . Deletion of p16 Ink4a from these tissues partially rescues the age-related decline in stem cell frequency and self-renewal potential ( Janzen et al. 2006 , Krishnamurthy et al. 2006 , Molofsky et al. 2006 . The increased p16
Ink4a expression in aging stem cells is at least partially attributable to the decline in Hmga2 expression, which is caused by increased let-7 microRNA expression during aging (Figure 5 ) (Nishino et al. 2008 ). This demonstrates that by having overlapping transcriptional regulators, stem cells achieve fine-gain control over the expression of tumor suppressors that limit self-renewal potential. By maintaining Bmi-1-mediated repression and eliminating Hmga2-mediated repression during aging, stem cells can modestly increase p16
Ink4a expression to achieve tumor suppression while maintaining a reduced level of stem cell function (Figure 6a) .
Cell-extrinsic changes that regulate changes in stem cell function during aging have been studied in muscle, where Notch ligand expression declines with age, reducing Notch activation in satellite cells and muscle regenerative capacity (Conboy et al. 2003) . Parabiosis of old and young mice or exposure of old satellite cells to young serum increases Notch ligand expression, muscle satellite cell proliferation, and muscle regenerative capacity, thereby demonstrating that local cues are regulated by circulating systemic factors (Conboy et al. 2005 ). It appears that such circulating factors include Wnts, because canonical Wnt pathway activation increases with age in muscle satellite cells, and inhibitors of this pathway can restore myogenesis by satellite cells (Brack et al. 2007 ). The premature aging of Klotho mutant mice has also been associated with increased Wnt signaling, and serum Klotho levels decline with age (Liu et al. 2007 ). These systemic changes in the environment of aging tissues may cause the cell-intrinsic changes in tumor suppressor expression that have been observed in aging stem cells as increased Wnt and TGFß in the aging environment appear to counteract the effects of Notch ligands on muscle satellite cells, promoting the expression of CDK inhibitors including p16
Ink4a (Carlson et al. 2008) . It is not clear whether there is any relationship between stem cell aging and life span. On the one hand, the changes in stem cell function that occur during aging would be expected to contribute to age-related morbidity by reducing tissue regenerative capacity. Moreover, the accumulation of genetic damage in stem cells likely contributes to increased cancer incidence during aging (Rossi et al. 2008 , Sharpless & DePinho 2007 . On the other hand, the effects of aging on fully differentiated cells are likely a major and independent contributor to agerelated morbidity, cancer incidence, and degenerative disease. It remains unclear whether the changes that occur in stem cells are a major or minor contributor to age-related morbidity and life span. Notably, the transgenic Stem cell self-renewal, stem cell aging, and cancer cell proliferation are regulated by common networks of proto-oncogenes and tumor suppressors. (a,b) Stem cell self-renewal is maintained by a balance between proto-oncogenes and gate-keeping tumor suppressors. Proto-oncogenes promote stem cell self-renewal and cancer cell proliferation, whereas gate-keeping tumor suppressors negatively regulate self-renewal and promote stem cell aging. (c) As organisms age, DNA damage accumulates and telomeres erode, activating gate-keeping tumor suppressors and leading to reduced stem cell function and tissue regenerative capacity. (d ) DNA damage can also activate oncogenes and inactivate gate-keeping tumor suppressors, disrupting the balance in their activities and leading to cancer.
overexpression of p15
Ink4b /p16 Ink4a /p19 Arf and p53 increases mouse life span (Matheu et al. 2007) , even though loss of p16
Ink4a increases stem cell function in multiple tissues during aging ( Janzen et al. 2006 , Krishnamurthy et al. 2006 , Molofsky et al. 2006 ). These observations raise the possibility that tumor suppressors may have antiaging effects in some cells and that life span may reflect a convoluted mixture of proaging and anti-aging effects by tumor suppressors on stem cells and differentiated cells.
Tumor Suppressors Regulate Stem Cell Self-Renewal and Aging
Tumor suppressors can be divided into caretaking and gate-keeping tumor suppressors (Kinzler & Vogelstein 1997) . Gate-keeping tumor suppressors, such as p53, p16
Ink4a , and p19
Arf , serve as fail-safe mechanisms to prevent uncontrolled proliferation. As indicated above, these genes tend to negatively regulate selfrenewal by slowing cell division or by inducing (Chin et al. 1999) . p53 deficiency reduces the cell death and senescence observed in response to telomere dysfunction and accelerates carcinogenesis in these cells. These results illustrate how DNA damage activates gatekeeping tumor suppressors that reduce normal stem cell function as a consequence of their efforts to prevent cancer (Figure 6c) . Although these mechanisms operate in many cells, they are particularly important in stem cells to prevent the propagation of DNA damage throughout tissues and to avoid stem cell transformation, which may occur more easily than the transformation of their postmitotic progeny.
Cancer Cells Hijack Normal Self-Renewal Mechanisms
Cancer cells proliferate out of control by inappropriately activating normal self-renewal pathways, either through mutations that constitutively activate oncogenes or through mutations that inactivate tumor suppressors (Figure 6d ). Similar to normal stem cells, cancer cells rely on mechanisms that promote proliferation and suppress differentiation. In many cases, self-renewal regulators have surprisingly similar functions in cancer cells and in normal stem cells. For example, the protooncogene Bmi-1 is required to maintain the proliferative potential of leukemic stem cells (Lessard & Sauvageau 2003 ) and brain tumor cells (Bruggeman et al. 2007) , just as it is required to maintain the self-renewal potential of normal HSCs and neural stem cells (without being generically required for the proliferation of all cells) (Molofsky et al. 2003 . Hedgehog signaling is required not only for normal neural stem cell maintenance, but also for brain tumor cell proliferation (Balordi & Fishell 2007 , Ruiz i Altaba et al. 2002 . These are only a few of the many examples available. The good news is that by identifying the mechanisms that regulate normal stem cell self-renewal, we invariably also gain insights into the regulation of cancer cell proliferation. The bad news is that we often cannot target these mechanisms in the context of cancer without also impairing normal stem cell function and tissue regenerative capacity. This contributes to the toxicity of cancer therapy.
It is possible, however, to identify mechanistic differences between stem cell self-renewal and cancer cell proliferation, even cancer stem cell proliferation. The PI-3 kinase pathway is essential for the regulation of normal stem cell self-renewal and is frequently hyperactivated by mutations in cancer (Yuan & Cantley 2008) . Pten, a tumor suppressor that attenuates signaling through this pathway, is one of the most frequently deleted loci in cancer. In some tissues, the consequences of Pten function appear to be very similar in cancer cells and normal stem cells. For example, Pten is frequently deleted in brain tumors, and Pten also negatively regulates the self-renewal of normal neural stem cells (Groszer et al. 2001 (Groszer et al. , 2006 . However, the situation in the hematopoietic system is more complicated. Widespread deletion of Pten in the hematopoietic system leads to leukemogenesis, as expected (Yilmaz et al. 2006) ; however, deletion in HSCs leads to the depletion of these cells, rather than their expansion (Yilmaz et al. 2006 , Zhang et al. 2006 ). In the absence of Pten, HSCs lose their ability to remain quiescent, and they go into cycle within days, transiently expanding the stem cell pool. However, within weeks, the stem cells become depleted through mechanisms that depend on hyperactivation of mTor. Treatment of these mice with the mTor inhibitor rapamycin not only reduces leukemogenesis (eliminating leukemic stem cells) but also rescues normal HSC function, (Yilmaz et al. 2006) , which proves that it is possible to identify chemotherapies that are effective against cancer stem cells while exhibiting less toxicity to normal stem cells. Because normal stem cells employ different self-renewal programs at various ages, one prediction is that cancers will require different mutations at various ages to hijack these selfrenewal programs. This remains to be tested but offers a potential explanation for the differences that have been observed in the mutation spectrum between the childhood and adult versions of certain cancers (Gilliland et al. 2004 ).
SUMMARY POINTS
1. Stem cell self-renewal is the process by which a mother stem cell divides symmetrically or asymmetrically to generate at least one daughter cell, which retains a developmental potential that is similar to the mother stem cell. Stem cell self-renewal requires mechanisms that confer the ability to divide while remaining undifferentiated (and often multi/pluripotent).
2. Embryonic stem cells are pluripotent and possess indefinite self-renewal potential. This appears to be conferred by unique transcriptional regulation (marked by an Oct4-Sox2-Nanog transcriptional network) as well as unusual cell cycle regulation (marked by a very short and relatively unregulated G1 phase).
3. The self-renewal of tissue-specific stem cells is mitogen dependent, and mechanisms regulating the G1-S transition, including the p16 Ink4a -Rb and p19 Arf -p53 pathways, govern quiescence versus activation.
4. The maintenance of multipotency in tissue stem cells is achieved by inhibiting the expression or function of lineage-specification genes, by asymmetrically segregating their gene products into differentiating daughter cells, or by balancing the activities of mutually inhibitory lineage specification gene products.
5. The long-term self-renewal potential of tissue stem cells depends on mechanisms that maintain their genomic integrity, such as those involved in ROS detoxification, telomere maintenance, and DNA damage repair.
6. Tissue stem cell self-renewal also depends on cell-extrinsic regulation. The niche (microenvironment) provides stem cells with physical anchorage as well as membrane-bound and secreted factors that regulate survival, polarity, quiescence, and differentiation. Longrange signals dynamically modulate stem cell activity according to physiological demands.
7. Tissue stem cells undergo changes in self-renewal potential, developmental potential, and cell cycle status at different stages of life, in response to changing developmental and regenerative demands. These changes require stem cells to employ distinct self-renewal programs at different stages of life. 8. Self-renewal programs involve networks that balance proto-oncogenes (which promote self-renewal), gate-keeping tumor suppressors (which limit self-renewal), and care-taking tumor suppressors (which maintain genomic integrity). Disruption of the balance within these networks can lead to stem cell aging or cancer.
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